Abstract: The early effects of 2,3,7,8-tetrachlorodibenzo-para-dioxin (TCDD) exposure in the population involved in the Seveso, Italy, incident in 1976, have been examined in numerous studies. Chloracne was the only effect linked with sufficient certainty to dioxin exposure. The possible longterm consequences were investigated with mortality and cancer incidence studies. Mortality and morbidity findings during the 20-year period following the accident showed increased risk from lymphoemopoietic neoplasm, digestive system cancer (rectum in males, and biliary tract among females, in particular) and respiratory system cancer (lung, among males). In the incidence analyses, also thyroid gland and pleura cancer appeared suggestively increased. Soft tissue sarcomas showed an increase in the largest, yet least exposed, exposure sub-cohort. Several hypotheses associating non-cancer effects with dioxin exposure were corroborated by findings in the Seveso population: this was the case with cardiovascular effects (possibly linked to both chemical exposure and stressful disaster experience), endocrine effects (diabetes among females) and reproductive effects: exposure of men to TCDD was linked to a lowered male/female sex ratio in their offspring. The results of many Seveso studies point to possible gender effects, in accordance with animal models. Notwithstanding the acknowledged study limitations (lack of individual exposure markers, short latency, and small population size for certain cancer types), results of previous experimental and epidemiological studies, along with mechanistic knowledge on dioxin toxicity, support the hypotheses that the observed excesses might be associated with dioxin exposure. The mortality and cancer incidence follow-up of the Seveso cohort are continuing.
Introduction
The accident that occurred in a chemical plant (Icmesa) near the town of Seveso, Italy in July 1976, caused exposure to 2,3,7,8-TCDD of a large residential population. The accident was originated by an uncontrolled exothermic reaction during the production of trichlorophenol. A fluid mixture entraining some 2,900 Kg of organic matter, including a substantial amount of 2,3,7,8,-TCDD, was released through an exhaust pipe and driven by the prevailing winds as far as 6 km South of the plant (Fig. 1) . The most heavily contaminated area (A-zone, 750 inhabitants) covered some 87 hectares, and average levels of 2,3,7,8- third area was identified with a patchy, low-level contamination (generally below 5 µg/ m 2 ) extending for 1,430 hectares and was named R-zone (30,000 inhabitants) 1) . After a few weeks, the majority of zone A residents left the area. Some 35 houses were completely dismantled, and others, less polluted, were cleaned and later rehabilitated. In zone B, people remained in their houses but strict regulations were issued to avoid consumption of homegrown products (vegetables and court animals). Limiting regulations were also issued for zone R residents. The follow-up of this population provided a unique opportunity to gain insight into the health risks associated with human exposure to dioxin. In fact, the exposure was relatively pure and the amounts substantial; the population was fairly stable and included both genders and different ages; and excellent conditions existed for the long-term follow-up of the affected population.
Early Health Findings
Medical examination programs were initiated early after the accident with the aim to ascertain early adverse health consequences in the exposed population, to give guidance for the allocation of services and resources, to identify needs and suggest areas for further surveillance and research.
The earliest sign of adverse effects in humans became apparent when, on the sixth day, 19 children were admitted to local hospitals with skin lesions caused by contact of uncovered parts of the body with caustic chemicals contained in the cloud. By April 1977, 187 cases of overt chloracne were diagnosed by an expert panel, and 164 (88%) were in children. Chloracne distribution closely resembled the TCDD environmental contamination pattern (Table 1) . By mid-1978, six additional cases were detected, bringing the total number to 193. No further cases of chloracne were reported after this time 2) . The higher frequency of chloracne in children than in adults is possibly explained by the fact that the former had more opportunities to came in contact with the toxic cloud components and to ingest or inhale them through outdoor activities, contact with soil, vegetation, dirt outside their homes, etc. Other relevant explanatory factors are the less systematic screening in adults, which possibly left unnoticed other existing cases, and the possible different susceptibility to dioxin effects at different ages.
Electrophysiological and clinical signs of peripheral neuropathy were nearly three times as frequent among Seveso residents having either raised serum liver enzyme levels or chloracne (12/55 or 22%) than among controls (13/168 or 8%). When only subjects younger than 20 years with chloracne were considered, the relative frequency rose up to nearly five times 3) . In the early months after the accident, urinary D-glucaric acid excretion, an indirect index of enzyme induction, was measured in 14 children with and 17 children without chloracne, all from Zone A. The former had a significantly higher level of D-glucaric acid in urine 4) . Names identify interested municipalities. Seveso was the town most directly hit. Zone A (darkest) fanned out from the plant to the south-east. Zone B was the natural diffusion of zone A along the diffusion pathway of the TCDD containing cloud. Zones A and B were both enclosed by a larger territory coded as zone R.
Surveillance Programs
Surveillance programmes were designed in order to followup the subjects exhibiting immediate, acute effects (e.g. chloracne cases), and to identify in the affected population at large the possible later occurrence of additional health effects in the short-to mid-term period.
According to animal data, an increase of spontaneous abortions in pregnant exposed women was to be expected. Several problems made this ascertainment difficult and the results of doubtful interpretation. One was the absence in the area of a valid on-going data collection system on pregnancy outcomes; another involved the moral and political issues related to legalization of voluntary abortion; and, finally, the very active birth control campaign carried out in that period may have decreased baseline conception rates in the population. In such a context, the completeness, accuracy, and quality of data remained questionable. Analysis by trimester (from the accident to early 1978) and by municipality showed time-related rates variability, with the highest abortion rate in the contaminated areas seemingly occurring in the earliest post-accident trimester. However, it was difficult to exclude a major role of biases related to information recording and data collection. Results were considered not conclusive 5) . In another analysis, notifications of spontaneous abortions to county medical officers were used. Spontaneous abortion rate in 1977 was higher than in 1976, but not departing from historical rates estimated from 1973 onwards. An improved physicians' care in abortion notification was considered a probable explanation of the change observed in the post-accident period. This data was then supplemented with information directly provided by area hospitals (Table 2 ). An increased pregnancy loss percent was seen in the highly contaminated Zone B in late 1976 with a subsequent fall (changing physicians' notification attitude?), and a further increase in mid 1977. Data quality was considered questionable, and results lacked consistency 6) . A cytogenesis study included 301 subjects, as indicated in Table 3 . Those with acute exposure were subjects living in the most contaminated area near the accident plant; workers employed in that plant were considered as having had longterm ("chronic") exposure; age and sex matched controls were people living in the surrounding non-contaminated area. Proportion of aberrant cells was higher among the exposed, but statistical analysis showed that the only significant difference was among the scorers of the five laboratories involved in the survey. A further analysis of a larger number of mitoses on selected samples from the three-exposure category was then carried out. Differences between exposure categories did not become significant even after correction for inter-observer variability. No consistent evidence of chromosomal effects associated with TCDD exposure emerged 7) . Another set of data was obtained after examining maternal peripheral blood, placenta and umbilical cord, and fetal tissues of induced abortions in 19 women from the Seveso area, and 16 women not known to be exposed to environmental mutagenic and teratogenic agents, who had abortions for non-medical reasons. Within a pattern of marked variability, no significant differences were observed in the frequency of individual types of aberration, average number of aberrations per aberrant cell, and frequency of polyploids in maternal blood and placenta between the two groups. Instead, fetal tissues of exposed pregnancies exhibited aberrant cell frequency significantly higher and a greater number of aberrations per damaged cell than control pregnancies. No differences were seen between those pregnancies started in Seveso before and after the accident. The extent to which the increased frequency of chromosome aberrations in fetal tissue reflected maternal exposure to TCDD could not be established 8) . Birth defects were first examined in thirty cases of induced abortion (of which three from Zone A, and five from Zone B), and four spontaneous abortions (from Zone R), all of which occurred in 1976 after the accident. Embryological . At the beginning of 1977 a congenital malformation registry was established, which included all live births and stillbirths to women residing in the accident area in July 1976. Out of 26 births in Zone A, no cases of major malformations were found. In none of the three exposure zones (A, B, or R) the frequency of mild, major, or combined defects was significantly higher than in the reference population. Table 4 shows relative risks for the entire surveillance period and for the first quarter of 1977, when children had probably been exposed to TCDD during the first week of gestation (140 births in all). None of the relative risk departures from unity was statistically significant. The small number of exposed pregnancies in Zones A and B, might have precluded the identification of low risk and/ or very rare defects 10) . Long-term effects on peripheral nervous system (PNS) were explored in 152 chloracne cases and in 123 reference subjects. None of the subjects had a clear-cut peripheral neuropathy, but clinical and electrophysiological signs of peripheral nervous system involvement were, significantly, nearly twice as frequent in the chloracne group than among controls 11) . Forty eight children aged 3 to 8 years from Zone A underwent repeated examinations from November 1976 to May 1979 for the study of immune system function. Total serum complement hemolytic activity (CH50) had significantly higher values among the exposed subjects at each examination. Exposed children also exhibited higher values for lymphocyte responses to phytohemagglutinin (PHA) and to pokeweed mitogen (PWM), and in the absolute number of lymphocytes of peripheral blood 12) . Induction of microsomal enzymes in the liver was one of the best documented TCDD effects in laboratory animals. Urinary D-glucaric acid, the mentioned indirect test of enzyme induction, was further evaluated between 1976 and 1979 in different exposed groups and found elevated 4) .
Children from the three contaminated zones were followed from 1976 to 1982 to examine whether liver function and lipid metabolism showed alterations as possible consequences of TCDD exposure. Boys living in the most contaminated Zone A exhibited higher levels of gamma-glutamyltransferase and alanine-aminotransferase. The increase was slight, and disappeared with time. No alterations of blood concentrations of cholesterol and triglycerides were found 13) . Repeated surveys on the group of 193 chloracne cases and on unexposed control subjects matched for age and gender were conducted until 1985. No significant differences and temporal trends in mean values of liver enzymes and lipids were detected. Motor and sensory nerve conduction velocity was measured, and neither significant differences between groups nor temporal trends were observed 14) . From the early laboratory medical examinations following the Seveso accident, there were many serum samples stored at -30°C. In 1988, the advancement of technological capabilities rendered it possible to analyze them for TCDD assessment. A first set of determinations concerned a selected group of 10 Zone A children with chloracne, a group of 10 Zone A adults without chloracne, and 10 subjects from the surrounding non-contaminated area. Detected TCDD ranges in children with chloracne and in adults without chloracne were 830-56,000 ppt, and 1,800-10,000 ppt, respectively. Among the 10 non-exposed subjects, only one had detectable levels of TCDD (<140 ppt). Between 1976 and 1985 laboratory tests were periodically performed on the thirty subjects whose serum was assayed for TCDD, to detect possible alterations of the liver, kidney, bone marrow, lipid metabolism, and immune system function. However, only modest, transient, small departures from the normal ranges were observed in four children with chloracne, four Zone A adults, and one referent subject. None of the observed alterations had clinical significance either with respect to the number of tests involved, or with respect to the extent of the alteration 15) . All surveillance programs were supervised, and their results periodically evaluated by an International Steering Committee, which ended its work in 1984. Their conclusion was that in the period 1976-1984, chloracne represented the only health outcome clearly attributable to the accidental exposure to TCDD. Surveillance programs were discontinued, but long-term investigations were designed in order to examine mortality and cancer incidence in an extended time frame. 
Long-term Studies
Exposure During the 10-year period following the Seveso accident, dramatic improvements in analytical capabilities took place. It became then possible to measure TCDD levels in very small blood samples kept stored at -30°C following the 1976-1985 laboratory medical examinations. TCDD was measured in several samples of reportedly highly exposed subjects living in Zones A, B and R, and results are shown in Table  5 16) . More recently, measurements were performed in the plasma of randomly selected subjects from Zone A, B and the reference area 17) , enrolled in a molecular epidemiology study currently in progress 18) . Results are reported in Table  6 . It is visible from the tables that the zone-based classification of exposure status was not refuted by results of blood dioxin measurement. Blood measurements also strengthen confidence in the non-exposure status of the reference population since their estimated average blood concentration corresponded to background values measured in industrial areas 19) .
Health outcomes
Mortality and cancer incidence were the only health outcomes whose investigation turned out to be feasible in the long-term range [20] [21] [22] . The A, B, and R zones included part of the territory of two health districts of the Lombardy region. All persons having their residence in the districts from the date of the accident onward were enrolled. Those living in the three contaminated zones were considered exposed. Those in the surrounding uncontaminated territory were adopted as referent population; they shared with the index population the main characteristics related to social and cultural habits, and living and occupational background.
The follow-up of all study subjects was carried out blinded to their exposure status, using the same criteria and methods, and over the same time span. The information from local population registries was the basis for assigning subjects to one of the exposure zones, or the referent area. Those registries are maintained by every city and locality in Italy and cover the whole national territory. Individual changes of residence are systematically updated allowing the tracing of those who left the study area (99.1% success). Once a person was located, the vital status was available. In case of death, the date, place and the detailed description of the cause reported to the National Statistics Institute was obtained. For the cancer incidence study, the linkage of the information on all hospitalization in the Lombardy region (nearly 9,000,000 inhabitants) with the records of cohort members allowed the identification of the study subjects admitted/discharged with a diagnosis mentioning cancer. Original medical records were re-examined to ascertain true diagnosis and date of occurrence of cancer. The ascertainment rate for cancer morbidity was close to 95%.
Mortality
Results for mortality in the 20-year period following the accident have been reported 23) . In none of the three contamination zones all cause mortality differed from that of the reference population. Cause-specific mortality results in the pooled high exposure sub-cohorts (Zones A+B) are summarized in Table 7 .
As to cancer mortality, all-cancer mortality among males was slightly above expectations. The magnitude of the excess was similar to that estimated in previous long-term studies of high-exposure male occupational cohorts [24] [25] [26] [27] . A significant increase was seen for rectal cancer deaths. Moderately increased, yet significantly so, was mortality from lung cancer. Several independent studies found elevated lung cancer risks [28] [29] [30] [31] [32] [33] . Deaths due to lymphatic and hemopoietic neoplasm were significantly in excess, particularly those from leukemias. Females exhibited a slightly and non-significantly increased cancer mortality at selected digestive sites (liver and others). Significant was the nearly twofold increased risks for lymphatic and hemopoietic neoplasm, with a higher than threefold elevated relative risks for Hodgkin's disease and multiple myeloma. In occupational cohorts with high exposure to TCDD, nonHodgkin's lymphoma and, less evidently, Hodgkin's disease were found elevated 28, 31, 32, 34) . An association with TCDD exposure was also seen for multiple myeloma 26, 32, 33) and, possibly, for leukemia 35) . For non-malignant causes, males had a suggestively increased mortality from chronic ischemic heart disease, in particular. Two possible determinant factors should be taken into consideration: the disaster experience with its burden of psychosocial stressors and the chemical exposure. Both might have contributed to the excess, most probably by precipitating already existing ill health conditions, as documented by the early post accident occurrence of the deaths, the old age of the affected people, and the type of cardiovascular disorder. Diabetes mellitus exhibited an increased mortality pattern in A+B zones females. This findings warrants attention in the light of recent results in other dioxin exposed populations 26, [36] [37] [38] . Women also experienced an excess respiratory mortality. A major explanatory factors might be the documented immunotoxic action possessed by dioxin [39] [40] [41] that might have impaired protection and defence mechanisms against respiratory infection episodes which play a major role in Chronic Obstructive Pulmonary Diseases natural history.
Morbidity
Cancer incidence findings for the 15-year period after the accident, 1977-1991, are presented in Tables 8 and 9 , separately for males and females. Cancer cases in zone A were too few (12 among males and 12 among females) to allow any meaningful analysis and interpretation; the only significant departure from expectations was for "other digestive cancer" (2 cases observed) in the M+F analysis. In the present analyses high exposure areas (A and B) have been pooled. Results are presented for the age span 0-74 years, and for the cohort of those who were present at the date of the accident. Among males in zones A+B, incidence results confirmed the mortality findings for several specific cancer types/sites, including increases for rectal cancer, lymphoemopoietic neoplasm, myeloid leukemia and NH lymphoma, but not for Hodgkin disease, myeloid leukemia and lung cancer. In addition to lower accuracy of death certificates as compared with hospital records, possible explanatory factors for the noted discrepancy include the shorter observation period since the accident for the incidence follow-up (15 years) than for mortality (20 years); this appears particularly relevant for lung cancer incidence estimates. The increased incidence of lymphoemopoietic neoplasm was also seen in the 10-year analysis 22) . After 15 years, a significantly increased incidence of pleural cancer (3 observed) became apparent in A+B males; the same number of cases had been observed in the mortality study, with borderline statistical significance. Indeed, these findings call for a further, thorough investigation for possible concomitant environmental exposures in the index population. Males exhibited a rectal cancer increase (only marginally elevated in the 10-year analysis 22) even in zone R. For two cancer sites, esophagus and soft tissue sarcomas (STS), a statistically significant increase was seen in zone R only. The former finding was unexpected, and not paralleled by the mortality data (deaths observed 25, RR 1.1, 95%CI 0.7-1.6). Soft tissue sarcomas, instead, have been repeatedly associated with dioxin exposure 26, 28, 42) and were elevated even after the 10-year incidence follow-up 22) . As for mortality, no STS deaths had been observed in zone A and B, whereas a possible increased risk was suggested by zone R results (deaths observed 4, RR 1.4, 95%CI 0.5-4.3). Among females in zone A+B, liver and particularly biliary tract cancer was elevated, as already noted in the 10-year analysis 22) . Extra hepatic bile duct cancer includes estrogens among its plausible risk factors. Estrogens and TCDD have been shown to interact in several experimental carcinogenesis systems [43] [44] [45] [46] . Two cancers of the vagina made up a large, significant relative risk. The magnitude of the of the lymphoemopoietic neoplasm increase, although barely significant, was consistent with what noted among males; the largest increase was for multiple myeloma, as in the 10-year analysis 22) . Soft tissue sarcoma was not elevated among zone R females. The STS pooled relative risk estimate for males and females yielded RR=1.5, 95%CI=0.7-3.2. A suggestive, almost significant increase was seen for thyroid gland cancer: the RR value (1.7) was the same in zone A, B and in zone R: the pooled estimate, based on 14 cases, yielded a RR of 1.7 with 95% CI between 0.9 and 3.1. Thyroid is considered one of the most sensible TCDD target. Animal studies showed that TCDD exposure changes circulating levels of thyroid hormones 47) . Effects of perinatal and post natal exposure have also been studied in humans 48, 49) . It has been suggested that thyroid hyperstimulation by TSH could induce cancer only when acting in conjunction with other metabolic or immunologic abnormalities 50) , as it could occur in TCDD exposed subjects. In fact TCDD is believed to reduce levels of circulating thyroid hormones, probably increasing their clearance. Thyroid cancer risk was found to be increased in a large occupational cohort 24) of pesticide sprayers with possible exposure to dioxin. It was relevant to the hypothesis of an association of the noted cancer occurrence pattern with TCDD exposure the fact that the largest increases for hepatobiliary cancer and hematologic neoplasms, were estimated among people residing for the longest period in the contaminated area. Notwithstanding some study limitations (lack of individual exposure markers, short latency and small population size for certain cancer types), results of previous experimental and epidemiological studies 42, 51) , along with mechanistic knowledge on dioxin toxicity 52) , corroborate the hypotheses that the observed excesses from neoplastic causes, although based on a small number of deaths, might be associated with dioxin exposure.
Sex ratio at birth
Another possible effect of dioxin exposure was enlightened some time after the accident. This was the change in the male/female sex ratio at birth that was observed in the offspring of people exposed to high concentrations of TCDD. The M/F ratio at birth is fairly constant, worldwide, and corresponds to 106 males to 100 females. As shown in Table  10 , in nine families with both parents with very high dioxin levels in 1976, the birth sex ratio was completely changed with 12 females vs. 0 males 53) . The study was later extended to the period between 1977-1996, and those results were confirmed. Paternal blood concentration emerged as the most important predictor of lowered sex ratio at birth 54) .
Concluding Remarks
Mortality and morbidity findings during the 20-year period following accidental exposure to TCDD of the Seveso population, do support the 1997 evaluation by the International Agency for Research on Cancer that 2,3,7,8-tetrachloro-dibenzo-para-dioxin is carcinogenic to humans. Lymphoemopoietic tissue, digestive and respiratory systems were the sites most notably involved. In the incidence analyses, also thyroid gland and pleura emerged as relevant and plausible affected sites. Soft tissue sarcomas incidence was elevated in the largest exposure sub-cohort, living in the low-exposure area.
In addition, results of several studies corroborate the hypothesis of non-cancer effects associated with dioxin exposure: this was the case with reproductive effects (e.g., sex ratio), endocrine effects (e.g., diabetes), and cardiovascular effects (e.g., IHD). Interestingly, several results (e.g., hepatobiliary cancer and thyroid gland cancer) point to possible gender effects, in accordance with animal models 45) . The mortality and cancer incidence follow-up of the Seveso cohort are continuing and will, most probably, provide new insight into the long-term health outcomes possibly linked to dioxin exposure. In parallel, molecular epidemiology studies have been initiated 18) in order to further elucidate the TCDD mechanism of action and contribute to the assessment of the risk posed by this almost ubiquitous contaminant to the health of the general population. # Family 1-9 = high serum TCDD levels; 10-13 = low serum TCDD levels.
